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M C, o JadP A. St

SAbstrtat'

•Too!-lifo charactor-lsties are discus 'sod with rcgard to alloy-type
Sand tool-lifo oritlerin, Relati-Toly fro,.o rachining stools are found to

differ from alloy stools in that their constant. werland Taylor mirvos

are parallel to the total destyatction, A tool lite based on total

Sdestruction axid one based on a constant given wear L-And aj),pear to be
SJustifiedo and rules for dotermitting w~hen each criterion should be applied

tre given. A generalized Taylor plot -for tool life is prosentodo which

also contain cost-opti mm infornation,
S~A quantity is derived V}Ld, is proportional to the optimum cost

Per P rt when a Lrmup of cutting fluids iv tested. The beat cutting fluid

Is the one for" viizch this• quantity is a mini~mum It is found that In

diff,*:k°nt speed ranges different fluids of a group are m~ost effeativo,

It lo ,#,uaottr-, that two typos of wator-baae cuttin•g fluids be rocognizod?,.

one for use at high opeedm (i.e.., 500 fpm Lind above) which Is prinarily.

a coolant-241o water,. and one used at lower spoeda whero luhwieation adtion

is of' I m.,ortance, A sijple bench test for. rating tile hi~gh-speed type of

fluid is describedy and roprosfmtatile results are considbrded Methods

of opocifyinr, g.,tisfactory water•-baso cutting, fluids are discussed briefly,



Introduction

In recent years a large number of ne'r natal-cut-tii-g f2uido have
appeared on the razret and. it is an ever more difficult question to

decide ithen one fluid is 'more advantageous than anothcr. The =any fluids

-- wvailable ray be divided into two general classes--oi-base fluids end

water-base fluids. The oil-base fluids are generally Lckn~rledged to

be the beat bouz.Jary lubricants, while the water-base fluids are capatle

of the greatest cooling action. At low cutting spee& the production

of good finish is the chief problem, and boundary lubr.ica~tion of the
tool-chip interface is oC major inportanco; whereas, ,t iih cutting

speeds tool life is more important and cooling the cuzti!g tool becomes

more necessary.

The objective of this investigation is to study tho performance

of a variety of water-base cutting fluids and to attempt to doveie methods

of assessing their relative values.

Inr the past, most tool-life studios have boon .•orforzod o! steels

that are easy, to machine, inasmuch-as such stools are used in lark

volume, principally in autom~tio-sorew machines. Much lss attcntion

has *been given to alloy steels, and it was decided oaxly in thin invos%%1Va.'

tion that the influence of cutting fliIds on alloy steola ahould rocoive
particular attention, It was also thaaght advisable to emplW y a iultipl.e-
edge disposable type of carbide tool, inasmuch as such tools are being

used in over increasing volume.

The question of vhethor tool life should be mecsured by total

destruction or when a cortain value of Woar land has bo'n -oachod is one

that has been much debated. It yWa, therefor'o, decidod to look into

this mattor in connection with this study* Ilowevor, it ",Us recognised

at the outset that tool life is only of importace 'when it influences thq

zwnufactur?.Lng cpst per part, and should not be considorcd to be the

principal objectivee It was, therefore, evident that the ultimate method

o of deciding btwoor two fluids should be based upun thoir relative influence

on the cost per part. Need was felt for answers to msch questions ao:

is the cost of a cutting fluid of importance if it roally provides superior

performance? and how much additional coot for a cutting fluid is Justified
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In a given instance? In at"Onpt to givc genOral annsmz-I3 to tliaso Tuc'etions

;i11I be mcado in thio :pepoi't.

Tol .fe otAS iDSol

Since this iuvestigai.Ion vias confined to a com ailson of vater'ý
oace cutt~ing fluids., and since sucoh i1tticb ar used prineipafl.~r &a Coolaitt0

at highi cutting speeds in ordcor To koareamao, tool lifo, it imao decided to
fivnt invostigate the influerxue of cutting fluida ipon tool 1ý.Ceo After?

a numbo--r 'of prolininax' tusts a dispoaabJlo..t~pa cedda t~ool was found
ithiob gi~ pxo wry good rosatlta, and this tool vas~ adopt-)d Cor third vbAcdy9

Trhe charatori~o3 of thiv tool and tiso cutting cond-.ttiona usod follows
Oarbide ,2ypot Sto.l. outtink; Orad. G-~5*
Car4de Bizet 3/8" x 3181 x l.-1/2tt roctmngm.~or Paralloloappeod
T3ool) Awflers:

Bao-fleiko Ang1op -w70
A: ~~~i~r111akoI~ Arglo,-7

Sidi-Rolief AntwDe 7,5

-'Idoutting.-Ed'o talcg1 150

ro2ýJ, 0,0104 ipr

* POALh of Cut, 0.103 AI(Ab
Chnttinr i3pvYX1# vnriablo

;acli ý,ct incD',rb hzail oigiit c'Ittiric, edron and wkhon tc,i bowl I 'ad tb

,zýarbido inrnorb mas (Umcrdeot
* ~Tho voc% rzeorip-1 vaod vat. arn-imled A2ISI 4,11, rte~.) (brirm,11 !nrdnoso

It~ vao dacid.-d to, Vtoou~eily invcfatifgate tho na''uw*, of the tool-
ti t intl sp.c curve for 11SI 434D aetoo2 uniuti u~ , L ttin,2 luid

befom?) rm1flrz toeta on a varioV. of Mlidi., For tCdo tiltWl it
a-.d(.cidod to isc ta ' utor vitllout aaiy aditlvo a.~ isL pr~x-1ded

COr-i1tiietit arwtect o f~~e fi atoricl tbat voculd iw' ý,xcgo In coa~cen-
.ratiCDU 111th ti. ý rAd 1XII-I ,It t YVOCOLC. corvtani-mt~d'2, z it 3 ')



recircul!1todo It, wa~s a30o thoughit beat to runi all tocl-t to) total

~lestrluotion so that a Co.qxlri$V could bo inado botweoo c',xvoao ~f Corustent

wear' land tuid tho curve of total destructioni. This rcq~u rod1 thlat a

lloanount. of material be out, and some toots involvodC ýt-w many as 16

hown' of cuttine time.

Tho wa~ter waa appliod at tho rate of 1..1/2 ga/nji~ vt a 'teoperatuTO

of 600F and wasj dirootoci down onto tho tool face and Vic~ bnek 3urfaC6

of the chip. Tf le lathe ueod 5in these tests wanl equippc& with a Doc*

m~otor so thiat the cutting speed could bo held constant CS the diaimeter'

of the work ohaulgnd. The arL; useod were initially savor inches ini

diar-oter and 24 inohon lone., and wero discardod. whon tho diamte2tr rcmched

2-1/2 inchon. The woar land on tho clearance face of tho tool was

meoasured after each pass acrotin the Wark uzning n tool. YWI*' 5r microscope.

In the data presented the woox' land (W) is shown plottod agraifl5t the

helical distance (L) on the work passno the cutting eACu ix 'foot* The

p)oint of total destruction is rark.~ed byr a vertical1 lira on all PlOts.

Several chan~ee wore obgnorved to occur in the tool under different

operatire conditionsl (see dian'namatic skotchee In Fig. 1)

1. At Outting aoods above 600 4m tool life irnc ver/ Juort,9

and thero, was ovidonco that tiio toempatures portainirng it the tool

!2o1;lt umvr too hich. Tile cutt~ing odge uas observed to. J' ow plntit.30oally

under tho cuttine pressure and changesd itis ohapo as shic¶t in Fig. lb.

2. A orto was found to dovolop on tho top eurf.1co Gf the tool*

daa'ticularly in tho apood rning ff'ror 300 to 600 fpn. Th~c ='.;or first

r~ouod a short ciatnnco froma tho cutting edgeo and thcon Crow f bot

directiona (Fie, lo) * Usually whon the crater just re-ac ,(od tho Cuttint;

'xlGO tin tool 'Would fail3 complotnly.

-g. AUm vis Alund to devolop on the pr~nctpnl 64-

clOrarnCO faco of the tool (Fit-. id) at all spoodo. Thli 3and Mw was

'ýoiivcniornt to vocmuro and waa rocordod aftor each Pnot' I ý A3 -joante

4,e Chippiri; of the cut~ting odgo wav oqorionaet) In ft1-VOty v

.riz-ari.y at tho ond of tho cv~t. no Lt10 tool brolto thn~r, then 1'rrec

ourfacoo This difficulty urno not o.'Irintod Irl providir a tr. 'Or ;ý.* tho



It waso founia). 140. vor) v~at taEc ty"" CS ~ chIppiI;,! 1, ra iatYAL
dinn~rIr~t ~.&' ACt -,11 ~mOf t"J. iocut sitid 1'co toodli k

5.At 101; Cutti' --i cr-4 (bcoior about 3&) `Pz-) wi~ as Ovidenco
,at zi ilt-up cd rgo (EO)u: yr- )sc~nt at the tool Uir t.1 I')) Thin

ovidteco vxv in thi fox-A. cil &i rrL ox cu1ldci irCrcz'V In ¶1i)4ioi C3o Xroughflmoss
-1th decrozoo in aiodc c4)1 ta jmAca~cj tciidoti -y foric t ~rzster to rov

toar tio ittitne odge :It t~~ z=.-) 14li,~Jcn tha ~2 ivau ),roront the
c!rator dlid not rcea;i t1to o dro wr growing towz-J it.. (vJ vb~ h1ehor

:3peodS, buit, rather by t.,o wcj7ýr land njj,-roz&0I~n9 t00C2t

'Wear land cIurvOO for AXSI 1,340 stool ClIt u~ill-, WI-z. On cttin
f).vid ara givon iii Fie. '2- and tho avioaponndi~ng Tayi~n~ Porc ?'c ru LIvef

in Fir. 3. The appcara.noo o: the wear~ land an it ery-t van as ohoawn in
jvig. 4ai at call spo..da e~opt, tlio varyj loireat (50 fpm)a Th') Parti cular'

wear patterr~ chow9 n in Fig, 14i in for a speeod of 400 fpm,~ The Rear land

was5 ouoontia~lY constant aicrkoss the cutting cdgo except for the region
crt the outer edge of tao chip (region C) where the Vwear lend was soewolhat
groator. At a spooci of 50 fpm (Fig,. 4b) the voaz' land at tho outer edge
oft t~io chip wasn OVen more proounced and there was additional 'wear in

region A at tho tool 'Lip, Tho value of vwaz land that ma3 plotted was
ý,hat for r~jL-Ion b3 in till cau,)u oxco)t~ for 5P, Rpm. WZinoj tCir adiditional
weoar pfro'Jcnt at roL'iorn C irý 1-iot tIiou~jht to lxi ir.porl*n-. vilth rojgird to

()O1 ?)ýTMWVI n'I, im~rlel a it, i co far ror-co'zod tron tho~ cutting
ugo th"in (10tuil "Etc iglrOord in the analyein of tii,, 1vc'O #3~i The

* -~~ curvas of E14'. 3 r~pronurit a vory coLrplox pictura 'coT4)t I~ wit .i the
eCoUitf3 gonorally cObtntilld Ircing a ýftroi, uachiniiq, atcul. The Rollowifl4

* 'tbnoxrvatiorc rr.y br,ý randc~ cair studyipt; Fig. 2 and 3s
L. Thso total der3Vruction curve i o a strcttglit line~ only for

2' i~~~poedo butirocrn the,, wherex tiiro BUI, dinappoarn (300p)flfIta.ww

tL tool in OVorIIoato and Oivcaw pljastic~j y (600 £pir.) iTbo prsc~nco
of the ai:7. catniou tilu total fivuntrilctioxi cuvu to fall I 1 wtht: 3inmiX

cum~'e for the -300=<500 nr.[,,d rrifrte and to ovcntun2ly 11'1t1or- a coplt



reversal in the rceion where the BUE is verj large. Tizui, at op,)ds

below about 100 fpm the tool lifo (total dostruction) tn ictualy jincroasod

17 incrocsing tho cutti:e spood.

2. The lines of corntant wear land are very conplu., At 3peedo

above 300 fpm, whore thore In r~o BfUE, th3 constant wear ) ind curves have

a slope of approximately 450, which means that the size of the wear

land dopends only on the helical distanco cut (L), and is indeporeont of

the speed from 300 to 500 fpm (see Fir,. 2).

3. When the BUE first appears the wear land curvesoi rise, indicating

that in tho roeion from 250 to 300 fipm the presencoe of tho small WE

presont is beneficicl to the rate of development of th- wear land.

4. As the BUB gats largor and as the speed is ftu&;hor reduced,

it has a dotrimental effect upon the rato of development of the wear

land. In Fig. 2 the wear land ,is soon to develop at & c1 s rapid rate

at 250 fpm than at 200 fpm.

5. The vorj low value of tool life (total destruction due to

crater formation) at 50 fpm is undoubtedly duo to the largeo BaTE prosent

at thic speed and the consequent !arrge size of the indivich. wear

particles that are pullod fron tlhe tool. As will be shohm later when

finish considorod, the DUE is a maximum at 50 fps for thui work-tool

cor 1ination. W•e should then ovpect the tool-lifo CIUrvc to rise at speeds

abovo 50 fpm as shown by tho dotted curves. If this ir tIo cats, thcn

50 fpm would corroapond to a "Vrdloy of Death," hdich i.0 a picturOesque

term that has boon used in the ) iterature to describe n spoed for i-bih

tool lifo improvoc upon 2eaving this speed it oithor direction. it

ofhould be noted t1at for this alloy stoel, tool life -U±1 oontinuo to

incrcnso with speed to a opoud of 250 fpm if a wear Imd of fm 0040 to

L080 inch is taken an the Oritorion for tool life, HO~aovor, It is also

imiportant to note that the "Vallw of Doath" discussed hero is one dehih

occuro in tlVo rogion of lareo BUE (usually from 0 to a)o rA), wjoreyS

miost otlior discusoions of t.iia phenomenon are ooncernel (Iwth ve • I lS{%

,,poodl. It appears that when euttine without a WE tool 'life (no Vatter

how defined) Will always decrease with On increase of cutting •pqW, eMd
VN

• .. _ , • m •-' 1.+ +++ . . . , .
I .- ,) o +



udor suehi conditions a "Vcaller of Death" Wdill nlot, bo ob,30ZVeod

Othor Stools

In conltrnst to Vlio corplax picture of Fig. 3for' AISI 43/.1 te
ý-o have th,? :'-olativcly si~1e casc for softor steele,. In Fig. 51, 6v and

aro shomi t'e~mlts for. AISI 1020 steel, Raproventativo woexz..Thni Pattena
ro shown in 1-1g. 7. In all caoos, tho w:ea.-land va~luez for refij 1
orC) plottoQl. In Fig. 8 and 9 dzrtai are shown for A~ISI Cli.?U. st,18, par

o1* Vie AISI 1020 and C1 117 aotqe1, tho lines of Cormtnnt wear naed

ot.-i! dootr~ct~ion woro foux~d to be exactly ",tamllolo Thic ivay be tak~m
o rlG:1. A that~ for tho, softeor unalloyed stools the CX~t~Cr Play:] a r 'Jtiveay
:M n~,)ortait, ,olo and total dostrmction occixri when tho woaa r d roaches

cortrii;cr~~c~1vn.uo, The mrode of V-ol fi'clurc io b4Yt'- vod to lj@

.isociated itTIV a &c~ftonin;, of the workc ratorial a3. nC thei Iea ld d

wddon i ~~rrnoaso in the contact area and m~n~ owed C-curr~ per
.Ct timeo ';Tn tho wcear 1.nd and herce týho wooar-land tor.paratmuro roi.ches

irirt~icuifla vzluoe. Thir, roch~nia has beon described in dotali in a
X'i4(171 1j NvOr (1). In contra-it ýo tho sfOjt unalloyod otoca~s,, AISI 431.0

lou s~ tvronq-or ariml mire rc'ThoLory. Itsn grontor E~trei-rth will increase
:.J5~ij~fbotiioo! cht:" anfl tool and iT.crmS8~ tho tondency for u crster

o o:~,ll-.i'o it.,, crorttcr tendency, to rotnin its hax-blo at i.-s
-pcmuroa~.,j) pov ..'t a '.mor-lJanrJ fai.hn'o f mr occv.lt~g '~ui

'U~~~~~ -,2J (f:8 'L tliv~Id tho Ttylor curve of' ,ota:L doea nratiom

mira', ýý a C.ýwllouorzol'o alnCo irlth the crarvoo of cor'ctcriA. weair jandj whioh

''tY lnlie~ntioa Ulat in thivc w-no totA-l. deoit:uct'.1on rouota fr~o!. the
"t*j nn"!j r'.):(At frol thz) 1:0,1v ! ;-n.1 Thin nLnturidU in it, fact So frcolmtory

(f 0 LV.ý 0-~v1 e' of' v--, bi~nt (w vi L) is cc~np2 -3to3.y Incds-

of It Th,ý tpoo"ý to0) I .r If -m' M In prosacmt
S(,2) IUI::l02m~ trol-111'i roml'.s ,f1cr n i:nt. vial 'tr

lo.i 1"Wr 1 l-aL1, 1,A' ntr~ iatt lotc it %J 1.-uan

~.r2 r~'n. t. tCie ite itiltl dor ta,i~Cd.i't. ' .) nt2,
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but this angle is not as Vrat as in the case of the AIS1 430 steelo

The lines of condtunt R will bo referred to later. Vober noted tbat
-•--'.total diastxuotion occurred at an 4ýproit Ly constant ratio of ramtor

*depth to crater half length A an~d Lines for conatant imluov of thin

ratio are also shown in Fig, 10o Tool failure is soon tbo occur whem

-K reaches a value of between about .4 and .6o
K M

1 ~From -.he foregoing discussion it is evident that tha tool.-woar

characteristics of a highly alloyed steel are far more complex then

those for a relativoly free machining steele The i'xeo machining nteo

will have constant wear lapd Lind total destruction oarves that are

parallel. On the contrary a highly alloyed' steel will have a complex

family of wear-land curves b-at are parallel to eacn -other only in the

absence of BUE., In addition, the total destruction curve for such -a

steel mill make a considerable anglo with the woarx-land plots.

* Returnig now to the AISI 4340 steel the question arisos as to

what speed rangýe should be used in mWidbG A comparipon of difforgnt

- cutting fluids. Clearly such a comparison should be mado at the speed

correospondling to minimum cost por part and hence, mnachiniing costs wrill

be considered next.

* Usually a straight Taylor plot of tool Wife (T) in itnutes vs

cutting speed (V) In fpz will be obtained at speeds Abov, which the WUE

has disappeared. The equation of this curve is

where n and C are constants depending upon cutting o•nditions.

If cutting is done at high speed the machine and labor cost will

be lom, but the tool cost will be high. The opposite is true if cutting

* ka is done at low speed. There lo an optim=z cutting %.ieed for m mocbining



operation ihero the nachinivg cost per part in a. m:Udmumo

The costs to bo includod in such an analysis• xe:

I* P~kdct machire mid, labor costs (WC ) Uhare x is tho vialue of

the zachinOý,\and operator 4th overhead in oenaW .per minute and Tp is tho

ma•chining tirm pop port in rrini.*os

T*

vheao diS work. diameter2 Ina

-V 6' ic axial length to lbo raqAnOdp in.
t is the feed ipxp

V is cutting speed, fpm
. , is the helical distanco tool travels in zaohiLng a part in feeta.

2o Tool obviiging cost per part (:0,) where Td is the doim time

to change tools in minutos and (T) is the tool life in minuteso.

3. Tool cost per part (AT whoro V is the mean value o ,a single
4 cutting edge.

The machUdin cost pox" part thon ,becomost

T T
+ dT #()

* For optimum performancee 1W ahould like the machininl coost pc part to be
a ziniv= and mnalysis shon *A •t this oocurs when the tool life has tha

value

vhero fl i1 the vtluo of the oxponcnt of equation (1.) and hence) the
inverse slopo of the Taylor plot using loug-log coordinates. It follo.uO
from equations (1) and (4) that tho corcoponding cost optimw spood in

r 5
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and he mlnium cost, per parb is

-- • • -1-n

The lines of constant weer land for AISI 4 steel (Fig. 3)
have a value of u = I for the speed ronge extending from 300 fpm to

the line of total destruction. From equation (4) ?* is seen to be 0
which means that minimum cost per part corresponds to an infinite speed.

Ithat this in turn means practically is that for this matorial minimm

cost per part will correspond to some point on. the total destination

curve rather thoiu on a curvo of constant wear lando

The voluO of n for the total destruction curve of Fig* 3 is 0OZ7

and, henco, fron equation (4) the optimum tool life for minirum coot will

be

(7)" = ~2o7R

*• Lines of constant R are shown in Fig. 3 and the points of inter.

section of these lines and the curve of totai tool destruction will

give the optimum cutting speed ('e) correspqndtg to minimum cost per

part in anq case. Lines of constant h are also given in Fig. 6, 9, and
SIloa

A specific oxample may be considered to illustrate the use of the

constant R curves. Lot va assume the following valuos of cost for tb,

tool of Fig, 2 mx~d 5.
,. x v.luo of Wachine with labor and overhead = 10 /mmn, ($6 per

T d =tire to change and adjust tool = 5 .ino

" y = value of single cutting edge = (in case of tool of Fig# 3)

" 6!4 if the tool is not- reground and possible leeo if

reground.

lT.flce . W 47 5 •
d1
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Fwrm cniatian (7) tJao xc optimu tool life (T*) it3 31. m~amte and "ovi
rFig. (4+) the zspeod to giv'o iminiTi cost per part UG ooni to be ,570 i£pm
~at the point wh~or thes n.ll5 line orosses the l1ine o:C t~ot-, tool

destruation.

In azwivinra at this3 velua wre havo eassumed that. 1. iv spmmiaolbld

to have a woar lawl as large as that pert~aining gt tho WClimI .0octruotion
condition (approxiirately .030 inch)-a Thbs vil3 usarnlly bo the, cano Sa

rough t~uing opertions. 11oweomt' in ecotain insthv.fa ý it is not

perissible to =oeed a cert-ain iwoa land for reaiconts o.'. A.rdah, vilwation,.
magntude of rachining Torcos or .1drtat-loua of po~wer. L2 in tie prosont

* 'S o,~xrple the latrgest poxminiseIble wovx lnMICI wAM 0*040 11 WI., :U'to tho Rinish

becomaing too poor for lcxj~cr values, then tho optivona t~icwaing po,6hVI

vould bo aithow
'>I. whm~, the R curve for the v 0,040 inch tolifog line

V m~ybe designatoa V*; M,

g.2. wihoo the v = 0.040 Inch lino crossoo the :tuo ot total
c-Ioatruetiono Thr) wlua' of V in thin cato rary In dosirgv-td

Simc the, ti c'sotion corroiopondinI3 to (1) .ioo tc ýJv

vight of th) totxa destruaticai lino in theo case ot. AI-.. 14 otoelI itu
-2) a1love 4.a tho one which obtaina iii the prosent CaaVJ ta.C tho opt!.nut

inMttig spood for a rdrrum p:irres~iblo macr land of 0~,14h, inch 'woiuld

(V* 325 fpm

It vould thus appcmei'v ia ~o v logoical anmim- to i.I ., question~
torncorni-T, 4dic A,6r toolrn aoreld to ,u,,cd to just vhort c, L4 given w1)±

& 1larid or to Suniý rha.Lt of totol dcevrietiamon, : otr o c:- im: tho ono
* ~ ~ ~ C,02( 1:0cio UEJ joie e 4c i~O in at'mr namo the otli(- m cktorion shounad
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Cutn Mmid Toots

Tool-life rosalts for several water4d-eo cutting fluids PxO
* givve in Pigs 1 for condition•. identical to those of Fig* 3. ;h these

tents the data havo boon confined to the practical turning regipn vhoro
BUE is nealigible. 6oth lines of constant wer land and - 1•! destruction
a~e included, In each case ireos of constant R have also been given
and the waluo of R coriosponding to the tool ueod (a = 1,35 miin) is shown
'by' a dotted lines

.Wo examples will be used to compare the performance of these
*" fluids. ?irstp it ulli be assumed ttIt yo ar-o interested in a roughi•g

opem&tlon for b•ich it is pormissiblo to use tools to total•it
Tho opt~imum cruttirg ope V)and tool life (T*) In thincse onno-wo
spends to the point whore R = 11.5 orobsos tho total- dostruction• lino

for each fluid (Fig, n1). The values of T*, V and n for each of the
fluids tested are given in table 1,

*. Table 3.

For Total Destruction Rl)

* * L. 1RelativeV, V 1 1m T., ,n,, xp Cost
Water, nonwirculating 60W? .27 570 31,0 ,00240 088

eaeCirculating 900F *32 610 24.5 .04 8

Cutting Fluid A, 2.5% .22 500 40.8 .00256 .94
Cutting Fluid D, 2.5% .23 515 38.5 .00252 .92
Cutting Fluid C, 2.5% ,32 610 24.5 .00241 .88
C Cutting Fluid- D, 2,5%j 23 510 38.5 .00255 t95

6 Dry Tool ,24 480 36,4 .00274 1.00

The miniimu cost per parb t is given by equation (6) from thich
it is evident that (see Eq. 2)

%'S
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since the quantity in parenlthesis is constant for any or~ration,* the

1 (8

optizzm cost per part (W ) will be proportionWl to .... = 4. )
V(1-n) p

for any given cutting fliiid and values of this quantity are included

in table L, The values of relative cost given in the last column of

table I are based on a cost per part in dry cutting of mnityo
From this study it is ovideht that all water-bso cutting fluids

give bettor results than dry cutting. The poorest fhvid showed a

docreeo in cost per part over dry cutting of about &I• whilo tho best

fluid chowod a decroase in cost )er part of 12% based on dry cutrie

The fact that none of the cozmircial watei%-base cuttinc fluid '!Raa

better thmn water indicates that the major role of the i'lui in this

speed range (500 to 600 fpm) is one or cooling. Water should be

expected to be the best epolant and the performanoe of the atoer-bave

fluids should be expected to decroease fron that of vater as their

tendency to form a thick oily doposit on metal surfaces increases.

Such a thic" oily film will tond to decrease the heat transfer coefficient

•C', botieon metal and fluid. The four water-base cutting fluids tooted

might be rated in the follovine order of decreasing offoctivenoss for

use in the speed range 500-600 fpms

Fluid %-Imarovoment Ovor.Dx Cutting

-- 2 12 (circulating wator 14%)

* B
D 7
A 6

A second coaparison my be made for the case heroe a wwr land

* of 0.040 inch cannot be exceeded for reasons of lot us vaj surface

finish, The beat operating point in thi oane 0 and Tl ') i41 be
the point where the w = .040 inch curve intersects the cmrve of total'

,.'.- ,'.



destrcicn Such vaues of T and V• r• give. in table 2.

Tabio 2

For Constant Wear Lomd

MMV-1~ f ip * T: r

"" •

Water, flonolroulating, 60W $25 1.0 .00246 ,87

SIWaterp, Circulating, 90OF 410 88 .00276 497

Cutting Fluid A, 2,5% #60 60 ,00259 .91

Cutting Fluld B, 2.5% 46) 65 .00262 .92
Cutting fluMid 0, 2.Z.. 420 80 900272 "96
Cutting Fluid D. 2,5% 72 .oo264 693

""Dr Too420. 60 .O024 1.00

The equation ohioh in this caso oorresponds to equation (8)

zMn be readily shoyn to be

T1V

whore the quantity in parenthesis is agaon a constant for any givon

* opemtion c Hne, the minifm cost por part ( A*) ith any cuttinC

fluid vil now be direotly proportional to the quntity

given in tablo 2 for a value of R of 1•,.o

SThe optinwu spood is now on to range fom 420 to460 £pm, and

for tVil opoed range water and iwter-Miko fluids are tho least offoativeo

The rolativo rating of fluids for the OoOO inoh wear land condition are

now as follon s in decreasing order of effoctivoneooo

0-•

0..-
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A 9
B

0 4 :osuaz&tiUg watexc3r)

Appaei'ntly lubridatiovi beeins to be iJzpoi'ant tu this Ooped~ =g a

th fluiid (a.) t~hat vu poor'est at, the bigh-ogpcod mwigo of 5Q00600 4)m

(tdbio 1), bocauso of ft inte~rf~rn~o viuth heat, tir=Zcrv now appeonre

2 ~to be tile m~ost effootive gluid for the 420 to 4W0 IXm speed rauigeo The

raengo of offectivonoon coC tlim commereirJ. Midsl is still. seen to ba

at~out 2 to 1. but the order of offeetimveoss Ite ontlrcZay changodo

St4U2 another oomp=.zinon of the offoctivenon&s of these cutting

q1uids can be m~de gor a case vhrher the ~tooling in xoaativaty owponsivo0

Lot %is consider the q3pooifo case Vhcor too1li aro :=~ to Just 3hort of

tota1l dostruotion and~ the maun of R hau bova inorowed by a fantor of

gour to a vtauo of 46. The quantl.tioej of In-ox-o~t for t'.ii oacurplo bra

CIvcn In tab1o 3o

* Tablo 3

* ater, 1loncirculating,, 60OF o27 390 !A4 .00352 .92
Waterp Circulatine,* 9011?' j.3 39 98 .00376 o98

cutting rausid A,. 2.5% *22 370 163 .00346 .91

OirbtinG Fluid B,* 2.5% .23 375 154 .00347 o93.
C utting Fluid 0, 2.5%, 032 390 OC.0377 .99
I' utting Fluid Do, 2.5% o23 370 5 .05) .2

D'ry TVo4. .24 345 1U+6 .'J0352 1.00

o h ptim~m opcDA Ie, ý,w oti11 lowor, wanginr;ir uri~ 345 to M9
P'pm. The reative ratin,7, of the flJuid, aire ao fol-lois:



A
B 9
D

Now the water and vater-like fluid (0) are seen to be not onvy the
poorest fluids of the group but to be prtootically without ofteOto

The foregoing analysis of watorobaso cutting 11);do has alearly
showlin that tvo distiner actions axe present which are not completo•l

corpatibl.-=a lubrication action and a cooling aotieot For the A.IS

3440 stool-oubide.tool combination used in those expeox'ientsq ocolnr

S!eems to be of negligible importance for opewds of 300 Xqn- and boli$,

while lubrication aseumes an inweae)iSg roeo of 1 rt.nce- On the other

hand, at speeds of 600 fpm and aove, only coding seem to- be bone-

fioW and ary lubricating properties a fluid mxy havo appWr to be

detrimental, Of the Iluids tooted it would appeaq r that fluids A and B
Shave the beet lubricating cl=actoristicop while wator and fluid ro

*- . bave about the =me -cooling ohapoteristioa. For cutting at epee"

:2. f •3W tO o fp z fluids A or B hould be used, but for spoes above
-500 fpm fluid 0 would be distinctly betto,

The boat performunoe for each of the three maoo considewod
in tables 1 to 3 are sumoarizod in table 4. Here the optimim tool life
is seen to go fros 24 minutev to 60 inutuos os the ceeiarion of fWre
changes 9kom total dostruction to a wear land of 0,040 ich, The
opti=m le rises to 163 minutes when R is .nreo from 12,5 to 46.
The doerease in cost in going from a vwe land of 0,040 inch to total

doetruotion is Soon to be of the same order of rAnitudo as the deromase
In coat associated with the use of a fluid. A very l3zgs difroxto

e~ ~ in cost is seen to be aasociated with a change in Ra As less expensive

disposable carbide tools are developed we should wepeel VW to increase
Tand * to doorease to values as low as 20 minutes. Fj? ouch tools

water-typo flulds tMld bo more widely used at highw cutting spocds,
0":-
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r~~_ _Oo*3 P~ornl

Total. dooictnimp11 0-15 0 24 610 .0024a~ 1*,0O 32

*Toite1 destution, 4 163 370 .0096 LAIJ 9

Theqwnit, C.4 is not only uneoiui in deciding vh-ioh fW4i of

jvzbified in spendring fti a partimlar cutting fluidd This io voat
eftaotivoy S1ustratod by an eza~s~lev Lot us asoiiro that a part In to

.4 bo produced undor the fo2lovftg cond$.tiozial

x =valuo of mahne and.abor=10OA/nu($6 po hx')o
d =diaeter of pt4rb=2 xi

-e = axial lengt~h of part =2 In.

t = food = 6O1Q 1pr
Tho quentity in pvoxonthasia in oqtuation (8) in t~

p

* Fx'co table .1 the vulauo of cutting fluid A to this oper'ation (eamunitg
tools ar'o ute4 to total des~truction) Is o'loarly'

0A (1050) [h
t0*19 ,per part*
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If this fluitd is used ab a 2-1/21% solution and the concontrstek costs
g 4ý per gallon t#sn the coot of the Eaoutiohi vini be (nQ25i) g, 4/aion*
If N parts can bo, made per gallon of solution 4noluding dr&u Vith
chipS, e povap ~io, enapemiet, Otc.), then the cost 0f IWl• per pert

,W be (i?ý he use of cutting fluid is j~ust5ficd - a cost

basis it

In the aboe exazl fluid A costs 0,200 per .Saion-and hpepo, 'for -the
fluid to bW Justified a cost basis

1610 ev 0 0

Th. number of parts that may be produced per palim of solution vwill
gmatly exceed 0.04 and hence, it vould appear that tho fluid is oiinly

justified on a cost basis.
The optiizim total ooot per part including mach~iuins4 ~stx and;

f3.ud Oot$VML e (e + In anzr particua case vhero 0 is t1YA
concentration of the active ingredient that is wed. The fluid of a

grou for which this quantity is a mnir=, is the most econouical one

to use and hmice, n=ormfy should be the one used if other conditions

are equivalent. T1U oost of the fluid per part (f) Vin normally be
* coppletely negligible compar' vith the chbining coost per port and

hence), M2hAW -li hc dvste sil~tmoii coat- 29e 2911ti

SThus, it is doee that if a partola 2.uid really does a
._seior Job and the machining cost per pert ()e) Is reduced a& aeuur-.

able aaunbt using i, this vator-base fluid .should bo used regrdles

of ivdisther the concentrate costs cno# ten# or tvcaty dollr per Vica.

(•;-



Free MALUA~!V -Steela

Free machlngiin steels have lines of total dostvuction and aonstant

wear land whiuh are parallel, The fluid givingtho hboat pexfop nee vith

-"6oh a steel 'ill ael.• sbe the onoe :Cow 1 Ah = Itt. least

w •here? is the speed Corresponding, to tho pointý of intaseotion of the

proper R value and tho allowable voar lend (or total dostruotion lino).

Equation (8) will apply in all casos for ree maohio.n or idild steels

(ouch as ,IS. ateele: B1112, 01213, d0117, 1018 or 1020) and uhether

vo work to a, bnostant wear land or to total destructicn. As en oxample,

consider Fiso 6 and a tool for which R Is. If the tool is carried

to total destruction wA ould be or 00151a If,

on the other hand, the tool W4 to be t•ken from service vwhon a wear

land of 0.0t inch was reached to moot otUW specifications, then

V (1-U) (' a.7
The value of the tool actually used to obtain the data for

Fige 6 had an 1 valuo of 11.5 (same tool as tiat umod Xor Fig. 3)a It
we woro to out ASTSI 1020 with this tool under optixm conditions we

V.'• would bavo the irollowing valuosu

,.•'"...•* =n, 5.• 1) = 12o• 5 mi

V* = 260 f (from Fig. 6)

P§ */pA = 0000'2•5,

If hovever, the particular lathe availablo Could not turn the wcrk at

*i. 2600 tp, but the raxiz= zpeed ims l-kitod to 1000 fpm we. would then

havo

e V* 000 fpn

T1 70 hit (intoxeoztion of -11-.5 and total destruction line
in Fig. 6)

* .-/ L .. =0.00M165

9V3. TI
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Wuith f 11.5 mid w = 0*02 inch an tho tool.-lifo eitoeon we vould have

-95()fp (inIt'sootion of RL n-o,a~nd u, , 02 linoo)

i= 000198

Tho values in those sovoral emwploes a.o omo am'a od in tablo 5o

Tabl o

S, of AYtI 1020 Rta

Life *Relative

Total destruotion 21o X2. 2600 .000725 1.60

v. = 0.02 In*. 11. 12.5 9.50 i00198 2*73-
jTotal destruction, 50 4502 1L250, oo1a 2*O3

v = 0.02 in 40 45a2 520 J4364 502

It is evident fron tablo 5 junt how iizorta"b it is on a cost baolS to

S, operato Jith low valuos of R3
2. U0O tools to as dloqo to total doetruotion an possiblo;

;3. be ablo to oporato at opti1i. speed even Vihom ouch upoods

* are very high,

By cozing values of ( .- = for difforent cutting
V(1-n)

fluids vhen cutting, a froe machining steol we again have a convenient

methcd of coparing the porfonnance of these fluids on a cost basis*

Stools of Irftmodiate Mldneos,

The f1ro-machining stools have been soon to rive one typo of

Taylor plot (lines of constant woax land and total dectruotion ,mrnallol),

while alloy stools such as AI.I 4340 or greatm, alloy co:.tent givo another

(lines of constant wear land at 450 to line of total dostruction) Mtin

._ 0

1 •
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othor atUCI-t of the tYPe AISl, 10080a1INDlC;'s,20 I ill gi~ve

Ta~ylor 1400s intMOC4 atO IIJIwoern ý,oees for )160 /43A0. 2 Al". 102"'11

* For m1uol Oteels 61quatj, n (8) -fl ralmor be xpliioatl C-1~ ý-*X~d

r~o toWý.8 dast,-uatienhQ For q~erati=n to a co-Astent U(' - .- I~ Cntion
fs) ailly OJVy wli7 VO4 tho intev-00tiou of the It XPI 3 irc thci l5h

of constent. iroeai lud lIU3 to the 1oft of th, total. 6cr An-cion ie

In irach cases the) value of n to bce ifl d corX'Ipfd LAa ftQsa

land and not to the total do~travt A'ot line,- In those ca 3orn 14hroz

the intorsection of the R line andA the eonstuint wear.- inl etcuva lios to

t~ho rigat of -the total-destruction line the ýroatzant to:~ a C-Onal.rnt

wear-land caveO should be as In the AISI .1,340 oxamplau ,fl? iW.xo5ly 'n ý1 aswtod

(ic0e., equati.on 9 should be iwed in place of oquation 1)

ol ud

The results obtained with the AM~ 43/40 ateal i.'.Ucacto that at

apeeds in oxcosC3 ok 500 £pm, whoro no BLXTS is proesent, r c~lixig is ;he

major function o~f the iluido Mhen .4-p=13 of the order or 1000 £Ipn ui'o twodq

It appoars that there ia not even timo f.-r cycling, njý to Mrntion

lubrication aiction. With A2ESX 1020) oteel cub at, .1000 'Lpia noithor thbo

fluid used nor ita methodl of app15 ~w~ion mis fouina to iove omy eofc£ot on
tool life#

Thus, in the Intormediatoe ~md rarige (Loop, a~-i.)V' BEh1 speeds and

bolomq aopodo, viohro/is not time for c~ooling) the coolixit -Aaracotri-34icis

of the fluid are thou~1x to ba very iportani, and it .3 =V 'd :)o po5);t1lbl

to measure tho relative ability of differaut fiwids to miol a~ hot )od

Ly a suitable bench test. In coneldorin,. thwo timeos av Li2 abla orw -,,ol.ing

.~tool or vocpoeco,, thaxe appemr to be Uv values should t"

$ considexbdo

lo As the .wtal cut cctossen the ;ihom' plano it ý! 143.hly deforrwd'

c-nd grtuctically tal of the doformation onorr, ends up .13 tLOiMci Onvrgy

which raises the tozx-oxrturo of the chip, Mny heat, t~bit cart be vxxtautod

from the badt of~ the oe14p whilo it is in contact vith 4*) tool will help

laowr the equflibr.iuza texperature of the tool-, The t;1.%i for this coA!l11g



is vay small, since the time of contact betueen chip -nd tool is very

shorto If we out at 400 fpm the velocity of the chip will ba abort 200

--p'i•, the length of contact betaoon chip and tool will unuaJy be 0,010
inch or loss and hence, the time available for cooling the chip ivill be

6bout (OAO (0 0.001 ae.
- ~(=0) (12)

2o .The temperature of the metal approaching the ohoa= plate will

be lowered by heat transfer betweon the fluid stream ardl tho btr, The

time the fluid stream is in contact with the wrkpiecn 5a relatively long

and my be estimted. by dividing the half diameter of the fluid stream by
the product of the feed and the rpm of the bare Tiae, if we havo a four.

* inch bar beU&S out with a 0*010 ipr feed at 100 fpvp the -rotativo tpeed

will bp of tho order of 100 rpm, .and the tire of direat contact between

fluid and" wok up to the shear plane rill be o)r 39 secoi•dp, if
the fluid stream is assumed t4 be one inch in dia•ztr end centeel ,over

*• the cutting edge of the toolo

"The temperature difference associated with the second tixe iv not
groat wA the heat zreoved from the bar is a relatively long distance

•" from the cutting edgeo Furthermore, the cooling capacity of aln vat,,.
base cutting fluids io about the sowe whea relatively long cooling t.weas

are involved* The chip itself will havo a teaprature tjat is at loat

6000F and heat extracted during tlU (1) is closely located to tha cutting

edge of the, toolo It is. therefore, thought that the cooling th~at occurs

during tIze (1) Is the most signifianwt with regard to tho influence that

watemiibase fluids havo upon high-speed tool life. Apparatus was, therefore,
constructed to study the shorb-time cooling charoateristics of fluids.

A heater vas built consisting of a steol plate, heating coils, and

*e insulating fire brick. The plate vos 1/4 inch thick trod the heat•w

consisted of resiotance wire wound on .icaao Teqmraturo of the plate

was altered by moans of a variac. An r-on.constantan thermocouplo was

brwcd to the face of the steal plate at a point 0.01 inch below the surfaceo

* and tho cold junction -- s at room temperature. The tLormocouplo output

was8 fcd into an oscilloscope and a 35-= camera =s wied to photo~iph the
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..esiting traceso
After the plate temperature had rched equilibri-tm tle fluid

-ms directed onto the thermomiple ,Junctiom an• the temfycatnre trace

recorded for the fikot fti milliseconds after impingemcato A i•rpesentative

trace for a srtroi of water in shown i Fig. 120

-Results of a number of tests obftLned using water and different
atexý:-baSe fluids are shown in Fig, '13, Here it is soen

1a that vater is the •bot coolant;

2. that fluids AO BO, 0d C are no' quite as good as water, but

apprcolrata1• tho Snme gis eachý other (fluid 0 is the beot

coolant, of t-his group end most like water);

30 that Vho .-*Oocing capacity of an air jet is voiy poor roxativ.e

to ..ator or water-base fluidso

h4 that fluid E, vich is the old oil ih water mmlsionp has poor
cooling characteristics duo to its oily naturu azd the resulting

S4low-hoat transfer 6oefficient.

All of these obsorvations aro as night be ex,)ected from tat"o 11, and th.is

-imilariti tends t" Dr-ther indicate that the fluid action that improves tool

--ifo in the vicinity of 500 fpa Is prirzrily one of, coolingo

This cooling test In itself is ,not nufficient to ,Ive the complete

picture for cutting fluids since it soys not,aing rogardinj the boundary
li.,icatio. action that Licomee imprtant at speods bl.1om 500 43.u' { Howovar,

" it does seem to correlate well w1th tool-life results fo.- speeds in the

vicinity of 500 fpmO

Teots of the umrfaee finish -roduced usine difforont water-baso

-tmtti r fluids failed to revewl any significant differenco. In fact, a

J.x'y tool gave W3ieh results that were as good as thoso obtained vith

itc flu11ids at Saeoa above 150 fpm, Thesu tests uiore u.L run in the

abscnie cf feed L x'LC by IL titmxrcn,1n food and .lepth of cut ant turnix.L

tLu too) t'o'ijh 900a Td.i tocir•cueo ,)rovidoa a cut tUa Las oaot]y
*4• .



iJCuivalftit to the oonvontional one, but the =40fao biob-c reselts bas

on cuttin Opeed for speeds beiW 150 4uiS, a ua~dlim rmogbalpaa was boidý
at, kbout '50 fpz# Below tie speed the roq~huoea ft's found to deprease
Sust as In go0n tos Mpeeaoo~ . h lack of rbefiit±ivity, of
-finish -to the outtirg , lui~d us ed, rtdo it alident, tAt this AW s not a
good vEariale to uso for, rating ivato*-be outtring fluld .00fowinces

The bost Wr of x~tlng týie pe~trazipm of vzterbcse cut~ting
fluids appears to be in teat of toocrusar oc~mteristlms The z'oooumeded
procedure Invel~as cutting teots under oonstwit oondlt~ons *Ath thei

* ~~exo*PV~cn of ndt~ng ýspeed and outting flu"d TOAyMoplots of tWol life
(In termsa of lboth oonstw~t, wfra land ,sz total, destructio) ;#ho~d b-
P2ePiated end lines of oonstat p aWid to t1eso Plot$# Frvu auch grepbs
it Is possible,.to compute vulues o the 4U~ntjty(7 L~~ Whire? !*,s

V 4P.0)
the cost opt1ium cutting speed And n is the invrs slopo oUPt the ppr-

* ~~priate Tavlor eviv. The quantltr I"~ b~sen otoe

dir*02l7 pavcxvourto to the optima1 cost per part and h9gIco, rwpesents
sma Ield4 smnm of the p~fomuce of a outting fluido R sexnt--"44V*
reoultA ame cns~demsed In detail, for AUX 4W4 steel and the application
of tho geeaml method-to 4qJ type of steel Is, disousseds

* ZIt vias -foud that the Taylor plots for oonstsnt veer lard and
* ~~total destructifa are bswioelly differet for relatively freeCI cuting

Atels and steels like JIB! 4340 The fbow are shomr to Involve a
Woerweland. finilr iVhIle t1ho lattor axe cnho~m to fai by oratering,

It Is found that$, in rating i'terwmbaoe cutting flulda, tho cost
of tho fluid mty be ipnorW8, ainco it in 1i1wigific2t relativo to the
=cihiniti~m coit jcr parbo
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Good corrlation Iz P boon- foud between gsbort,"bm C60lng-tes
tests (0.001 Meo 4, n the tooz,.2fe: Ohmirotpriotics of cutting :CLu~db
uced at speeds above those whweo TUB' is presents, and,.Ibdow tho~s hiime,

* F ~tize for coolng is, atillavailab~ (lefs, 14 t~ie vidbility of 500, ±gmtor

2 AI8IUSX14W ste.1l. wowv'er, ouch a test does not provi~do a useful
pictvrd of cutting..flvi ato~n fat thO e ~gion ifhwr 1ubIication notion
id in*mprnt (belowr !*A -fpm).

It dooo 'not appqsr possibe, to i:rite ai singlqp, aon#Oft 'Opoofic'ation
for, cutting-fluidp~foznrinoe* the relstive rating, Cie a. 4d t'fluids
winldepend not emLy upon touoltne, vorkpiece .4otsvls, but ~i3~o Wpon the
speod range invo3.vsd In use,.

fluido aieb J~tistfied* One, is tot uio at spqec~e of. 506 tpm and abovs hmr
cooling capacity *16 of, =4aor po~rbandie4 Such~ 12x~da could be seocified
by reference to a benchotypo cooling 'test Mxch as that doooribed in this
reporU. The second, typo of i'lrddto ono $Or use at ppeoda belwi 0d0 Tpa
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a)

TOOL TOOL

"SECTION A-A SECTION A-A

b) C)

TOOL TOOL

SECTION A-A SECTION A-A

.• d) 'e)

Fig. 1 Changes in tool appeLrance durir.C t'se. Q) Plan view of tool in
_ operction sel.cing caamfer at end of bcr to prevent ,hipping as

tool finisies cutp b) plastic defornation of tool tip, c) formation
of crater ii, absence of built-up edge, d) the wear land (w), e)
formatior, of crater in presence of built-up edge.
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Fig. 1 d. Too) life-fed curves for difforent cutting fluids uned in
machining AISI 4340 steel 'with a carbide tool with the followuing
ASA geometry: -7, -.7, 7, 7, 15P 15, 1-/3.22 in. Depth of c-ut,
0.100 in.; feed, 0.0104 ipr. Rate of fluid flow,
g al/min.

a. NoncircuJlating 'water at 6001'.
b. Circalating 'water at 900F.
cs Dry Tool.

* do Cuttiizg fluid A, 2.5% in 'water.
e. Cutting fluid B, 2.5;% in 'water.
f. Cutting fluid C, 2.5% in water.
g. Cutting fluid D, 2.5% in water.
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Fig. 12 Cooling trace
h. for straam, of

li-ter directed
upon surface
of steel Plate
heated to 6000F.
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